Currently there are no studies on the microbial karst niche in South Africa. Most of the studies on these environments focus on archaeology and animals that occur in caves. However, there are several caves that are threatened by urban development of the surrounding areas. The Bakwena Cave is such a threatened cave with extensive urban development of the surrounding grassland biome it is located in. The cave is located in dolomite and the entrance is a sinkhole. This cave serves as a permanent roost for a large population of Natal clinging bats Miniopterus natalensis. The ecosystem of the cave is driven by the deposition of guano by the bats, as there is no deep penetration of plant debris from the outside. To identify the fungal component of the microbial ecosystem, we sampled guano, soil, and sediment from various areas within the cave over a period of one year. All isolations were performed on low-nutrient medium to restrict the colony growth and to ensure that all culturable fungi were obtained. These isolates were barcoded using the ITS1 gene region to identify them and to establish a baseline of fungi occurring in South African caves. The majority of isolates associated were Aspergillus and Penicillium species identified in previous studies from cave environments. Some opportunistic pathogens were identified that could have an impact as more people visit the cave due to its close proximity to housing developments. However, currently the cave fits a model that indicates it has a low level of human disturbance. Our study is the first on the cave fungal component in South Africa and provides a baseline that can advise developers and environmental impact assessments on fungal species found in caves.
being isolated at less abundant levels (Vanderwolf et al., 2013) . Most species isolated from caves are soil saprophytes, and the predominant differences reported between studies are introduced by spatial diversity patterns and substrate specificity (Vanderwolf et al., 2013) . Karst environments have been considered extreme habitats inhabited by specialized species (Lorch et al., 2013) . However, this assumption does not hold true for the mycological component of cave ecosystems, as very few species are considered truly troglobitic (Vanderwolf et al., 2013) .
Recent trends in biology are the development of species barcodes and the use of these in ecological studies (Lahaye et al., 2008; Hollingsworth et al., 2009) . In mycological phylogenetic analysis, the focus fell on the nuclear ribosomal DNA (nrDNA), as it is composed of highly conserved and variable domains (Woese et al., 1990; Barton et al., 2004) . During the last decade large amounts of data were generated for the majority of known fungal species on this region. Therefore, this area was investigated and found to be the most suitable barcoding region for the fungi (Schoch et al., 2012) with the exception of a few genera (O'Donnell and Cigelnik, 1997) . The nrDNA encodes for the ribosomal RNA that makes up part of the ribosome (Patwardhan et al., 2014) and is considered as a useful marker for phylogenetic studies (White et al., 1990; Begerow et al., 2010; Eberhardt, 2010) . The nrDNA encodes multiple-copy loci and is commonly used, as all organisms except most viruses have ribosomes. An additional feature of the nrDNA region is that it incorporates both coding and non-coding DNA, which have various levels of selection on them due to their conserved and non-conserved nature. These nrDNA are organized in clusters of tandem repeats that consist of the internal transcribed spacer 1 (ITS1), 5.8S rRNA gene and ITS2. Due to the ITS2 region's functionality in RNA processing, it can be used to discriminate at species and subspecies level and contains unique secondary structures that can be used for alignment of higher taxonomic ranks like genus and order (Song et al., 2012) . Thus, this region is the best to use as the DNA barcode marker for identifying both single taxa and mixed environmental isolates (Bellemain et al., 2010 , Schoch et al., 2012 .
Studies into the microbial niches contained in karst systems are few when compared to large ecological studies from plants and animals. There is also no fungal barcoding project to our knowledge that focuses specifically on karst ecosystems in Africa. The low cost associated with fungal barcoding of a biome or ecosystem provides an interesting opportunity to establish the different distribution patterns of fungi found in karst systems. The possibilities to discover new fungal species increases tremendously when coupled with next-generation sequencing. In this study, we aimed to establish a baseline for fungal species distribution found in a dolomitic cave. We sampled the culturable fungal population of the Bakwena Cave ecosystem over a twelve-month period (2009) (2010) to establish a baseline for fungi found associated with this type of karst system.
Materials and Methods
Samples of dry and wet guano were collected aseptically into sterile containers between April 2009 and March 2010 from four sites in the Bakwena cave system (Fig 1) . Sites one and two were in the main chamber and three and four in two different side chambers. All the samples were taken from areas that had no indication of human activity such as footprints or other disturbances. Sample 1 was taken from the main guano heap located in front of the shelf that led to the pair of side chambers. A soil sample was also occasionally taken from close to the guano heap. Sample 2 was taken from a guano heap that was used for measuring the accumulation of guano over time by another research group, although no evidence of any disturbance was recorded at each of our visits. This heap was located behind the earthen mound at the bottom of the scree slope that led from the entrance of the cave. Sample 3 was collected from the sediment at the edge of the water table that was reached through the eastern passage. Sample 4 was sampled from the side chamber where the largest roost of bats occurred and that was deemed the most pristine, with the least evidence of human activity because the entrance to the side chamber is difficult to manage. All samples were immediately placed on ice and transported to the laboratory, where samples were stored at 15 °C until processing. The physiological and physiochemical characteristics of the cave sediments, including moisture content, pH, and organic matter of sediments were determined and reported by Durand et al. (2012) .
To isolate the culturable fungal fraction from the cave ecosystem, isolations were made from all the collected guano and soil samples. The isolations were done by spreading 5 g of organic material onto potato carrot agar (nutrient poor media) (Crous et al., 2009) plates, amended with 0.02 g/L tetracycline and 0.01 g/L ampicillin to suppress bacterial growth, and then isolating all morphologically unique colonies after seven days of incubation at 20°C. Following sub-culturing on malt extract agar media (Merck) to obtain pure cultures, all isolates were grouped into morphological taxonomic units (MTU) based on colony morphology, i.e. colony color and growth pattern. Single conidium (spore) cultures were obtained for all the isolates to ensure that a single genetic entity was used for further studies. All the singleconidial cultures were deposited in the PPRI collection of the National Collection of Fungi, Plant Protection Research, Agricultural Research Council, Pretoria, South Africa.
DNA was extracted from one representative of each MTU that was grown on potato dextrose agar (Merck) at 25°C for seven days, and mycelium was harvested by scraping it from the agar surface with a sterile spatula. The DNA was isolated using a DNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions. The extracted DNA was used as template in PCR reactions to amplify the ITS region of the rDNA gene region using the primer set ITS1 (5'-CGAATCTTTGAACGCACATTG-3') and ITS4 (5'-CCGTGTTTCAAGACGGG-3') (White et al., 1990) . Amplification of the ITS region from the fungal DNA was performed in 20 µl PCR reaction mix containing 50 ng DNA template, 0. 5 µM of each primer, 0.04 U ExSel Taq polymerase (JMR Holdings), 0.25 mM each dNTP, and 1 X ExSel buffer. Amplification was performed on a MyCycler (Biorad) with initial denaturation for 3 minutes at 94°C, followed by 30 cycles of 1 minute at 94°C, 1 minute at 50 °C and 1 minute at 72°C, with a 7 minute final extension at 72°C. The amplicons were separated on a 1. 5 % (w/v) agarose gel submerged in 1 X TAE (40 mM Tris-acetate pH 8.0, 1 mM ethylenediamine tetraacetic acid) buffer for verification and viewed under UV-light. The PCR amplicons were purified using a QIAquick PCR Purification kit.
The MTUs identities were determined by sequencing the ITS amplicons on a 3130xl DNA Analyzer (Thermo Fisher Scientific) using the ABI PRISM TM Dye Terminator Cycle Sequencing Ready Reaction Kit (Thermo Fischer Scientific) with the same primers as those used in the PCR reactions. All of the sequences generated in this study were deposited in GenBank. The ITS1 barcode sequences generated from the MTUs were queried against the NCBI nucleotide sequence and MycoBank databases using BLASTn (basic local alignment search tool, Zhang et al., 2000) to ascertain their closest relationships using a similarity percentage that exceeded 95%.
results
Our study focused on isolating and characterizing only the culturable fungal species from the Bakwena Cave. Samples were obtained over a period of twelve months during which the temperature and relative humidity were also recorded (Durand et al., 2012) . Isolated fungi were separated into 54 morphological taxonomic units (MTU) based on their colony morphology. From these a total of 93 isolates were deposited in the PPRI living culture collection of the National Collection of Fungi over the twelve-month sampling period. These are represented by the accessions numbers PPRI 22065-22077, 22114-22146, 22148-22150, 22635-22638, 22651-22652, 22654-22660, 22663-22665, 22670-22672, 22674-22681, 22683, 22686-22689, 22690-22705. The ITS barcode amplicons generated for the individual isolates were about 600 bp in size. The BLASTn results of the DNA barcodes generated for 38 MTUs distinguished six genera and 19 species (Table 1 ) from both databases. The species-level identifications were congruent for 81.5 % of the isolates across the two databases. The majority of the strains belong to genera within the fungal order Eurotiales and the family Trichocomaceae. Genera found in the Trichocomaceae are morphologically characterized by well-developed mycelium that is often brightly colored. The significant genera in the Trichocomaceae include, among others, Penicillium and Aspergillus (Cannon and Kirk, 2007) , with several genera known for their production of toxins that include aflatoxins, ochratoxins and patulins. Five genera that are frequently isolated from karst environments were also represented by our sampling. These were Penicillium, Aspergillus, Mucor, Candida, and Epicoccum (Vanderwolf et al., 2013) . The genus Bionectria has been isolated from caves in the USA (Shapiro and Pringle, 2010) . Six species that are regularly isolated from karst environments were Aspergillus versicolor (Nováková, 2009) , P. chrysogenum (Nováková, 2009; Vanderwolf et al., 2013) , P. brevicompactum (Vanderwolf et al., 2013) , P. atramentosum (Nováková, 2009) , P. pinophilum (Nováková, 2009) , and M. circinelloides (Nováková, 2009) . We also isolated two medically significant species, A. versicolor and A. ochraceus (Bayman et al., 2002; Engelhart et al., 2002) . These species have been associated with fungal infections in immune-compromised individuals. Candida palmioleophila, a yeast, has been previously reported from bat guano sampled in Japan (Sugita et al., 2005) . Figure 1 . Layout of the Bakwena Cave. The entrance to the cave is located at the top of the scree slope; it is entered by rappelling down a cone-shaped sinkhole and climbing down a ladder that was installed at the top of the scree slope. A side view of the cave layout is available in Durand et al. (2012) . Samples were taken from moist and dry guano at the indicated sampling sites. The bat colony was divided into two groups that were located above sampling sites 1 and 2 and in the side chamber where sample 4 was taken. Sample 3 was taken from sediment at the edge of the water Identifications are based on barcode similarities to the MycoBank and NCBI databases. The MTU and NCBI accession numbers indicate the respective PPR culture number of the deposited fungal isolate and the nucleotide sequence deposited at the NCBI. The sampling site is indicated and cross references to sites indicated in Figure 1 .
discussion
The study of karst systems in South Africa has been limited to macro fauna and flora and their anthropological value. The area surrounding Pretoria has numerous caves that incorporate archaeological sites and are studied extensively. One of these areas, The Cradle of Humankind, was proclaimed as a world heritage site in 1999 and is protected against development. The Bakwena Cave does not fall into such a proclaimed site and is very exposed to and impacted by urban development. To ascertain what the effect of new developments will have on caves such as the Bakwena Cave, the South African Karst Ecology Study Group (SAKES) was established in 2009 (Durand et al., 2012) . SAKES set itself the aim to focus on macro and microbiota found in the Bakwena Cave and has focused on the bats, spiders, mites, amphi-pods, and microorganisms. Microorganisms in most natural systems have been considered ecologically important due to their involvement in carbon cycling as decomposers (Nielsen et al., 2011) . In karst ecosystems, they perform a variety of other roles, including constituting the major food sources of non-predacious troglobitic invertebrates. Furthermore, the fungal component acts as parasites of cave insects (Vanderwolf et al., 2013) .
The level of fungal species richness within a karst system is affected by the level of disturbance that the system undergoes (Shapiro and Pringle, 2010) . Karst systems with medium disturbance levels and medium-to low-impact sites have significantly greater species numbers than more disturbed or very low disturbance sites. Based on the selection criteria proposed by Shapiro and Pringle (2010) , the Bakwena Cave can be classified as a low-disturbance cave as only 19 culturable fungal species were obtained. This hypothesis is supported by the fact that there were no additional visits except by our sampling trips recorded to the cave. What was interesting is that only Penicillium species were associated with the soil, sediment, and water samples. Of these, only P. commune and P. brevicompactum were not isolated from any other medium in the cave, which could indicate that they were introduced by other means, most probably through human activity, or they are natural cave-dwelling species. Most of the identified fungi are saprophytes that either utilize dead plant material as food source or, in the case of the Bakwena Cave, bat guano.
Bats can affect the diversity of fungi found in caves through the transportation of spores, deposition of guano, and their carcasses. The guano that bats deposit in cave systems generally hosts the largest fungal diversity of all cave substrates studied (Vanderwolf et al., 2013) . In our study, we expected the largest diversity of fungi to be isolated from the guano, compared with soil and sediment. We isolated the majority of species from the main chamber occurring either on moist or dry guano. The difference between the age and state of the guano did not add significantly to the fungal diversity. Several mite families were also identified from the cave, including the Acaridae (Sancassania sp.), the Laelapidae (Laelaps sp.) and the Uropodoidea (Durand et al., 2012) . Two of these are known to feed on fungi (Krantz and Walter, 2009 ) and may be a contributing factor to the lower number of fungal isolates obtained.
The different genera and species isolated in this study corresponds well to previous karst studies (Nováková, 2009; Vanderwolf et al., 2013; Sugita et al., 2005; Shapiro and Pringle, 2010) . Here, we isolated and identified 38 MTUs up to species level. For the majority of these, both databases reported the same species, but for some, only one database returned a species hit. For others, the two databases produced two different identities, due to the limited use of the ITS region for fungal species identification (Cannon and Kirk, 2007; O'Donnell and Cigelnik, 1997) . This gene region works well for most fungal species, but in some instances, the region that is amplified does not contain enough phylogenetic signal to effectively separate or identify between closely related species.
A number of factors can influence the culturable fungal fraction obtained from a karst ecosystem (Vanderwolf et al., 2013) . These include the isolation methods used, the species of bats occupying the cave, and the level of human disturbance (Shapiro and Pringle, 2010) . According to Vanderwolf et al. (2013) , the isolation methods used, including growth media and temperature, may also play a role. During this study, we used a nutrient-poor media (PCA) and incubated at 20 °C that should have been sufficient for a large number of genera to be isolated. Shapiro and Pringle (2010) concluded that only fungal cultures obtained at an incubation temperature of 10°C are true cave dwellers, as the rest may present fungal species that utilize the organic material that came from outside the cave. In our study, we sampled mainly from guano, so the association with this substrate is fairly strong. Domsch et al. (2007) states that Eurotiales, especially Penicilium, is well adapted for cold temperatures, which may serve as a possible explanation for the dominance in our study. A study on dust collected from homes across the world revealed that the diversity of fungi found outside influences the diversity of fungi found inside (Visagie et al., 2014) . This phenomenon might also hold true for fungi found in caves, where an area that is more diverse in its microbial populations will have a more diverse fungal population. The best way to further establish the fungal diversity would be to make use of metapopulation analysis to provide a much more complete picture of the niche.
Conclusion
Ours is the first study of the culturable fungal population of the Bakwena Cave and represents the first study of a fungal cave ecosystem in South Africa. We have identified several fungi that have previously been associated with caves, and this verifies the results that we have obtained. The correlation between our study and other published studies most probably indicates that the cave ecosystem is as healthy as others that have been studied. Our data for the fungal diversity indicate that the Bakwena Cave has experienced only low levels of disturbance until now. It further sets a baseline that can be used to advise on future developments surrounding the cave. 
